Abstract
Introduction
Camera calibration is significant task for 3D reconstruction based on shape-from-silhouette [1, 2] . The precision of the 3D reconstruction is intimately related to the accuracy of camera calibration. The traditional method rely on a calibration object with control points whose 3D coordinates are known [3] [4] [5] [6] . Sometimes, a plane undergoing a precisely known translation is also used [7, 8] . The traditional calibration method is suitable for 3D reconstruction, due to providing a set of implicit parameters directly. Heikkila in [4] extract the initial estimates of the camera parameters using DLT(direct linear transformation) [9] camera model considering lens distortion [10] , and then employ a nonlinear leastsquares estimation. The method works with single or multiple images and with 2D or 3D calibration grids. This procedure can be utilized in various machine vision applications, especially in camera based 3D measurements. This approach is high accurate but require an expensive calibration apparatus and an elaborate setup.
Recently, methods that rely on multiple images of a planar calibration object in different poses have become popular [11] [12] [13] . The popularity of these planar methods is mainly because it is easy and inexpensive to obtain a relatively accurate planar calibration object. Such as the MATLAB calibration toolbox [14] developed by Bouguet based on Zhang [5] , which required only a few images of a planar checkerboard pattern to provide accurate estimates of the internal parameters of a camera. It's very easy and flexible. But the parameters adopted by this method are explicit and can't be applied directly without transformation. In the process of the transformation, we have to measure the exact location of the origin of the image coordinate system in the designated world coordinate, which is difficult and cumbersome.
For make the process easier and reduces cost of the calibration, Sun adopt a planar target replace the 3D model and moves the object parallel in its normal direction, which could increase the count of control points [8] . Sun assume the plane of planar object is parallel to the CCD. But the finite precision of assembly make the planar object deviate from the hypothetical position, that is to say the object skews. The skew caused bias in the world coordinates of control points, which decreased the accuracy of calibration.
Therefore, in this paper, we present an automatic and accuracy calibration approach with a translational planar object. Calibration contains two steps including the image acquisition and the camera parameters estimation. After preparation work has been done, the calibration images and the correction image will be taken. For parameters estimation, the camera model is established considering both lens distortion and the target skew bias. We detect control points in the calibration images and assign world coordinates for control point by its' spatial distribution. The initial camera parameters are calculated with the original information of control points using the Levenberg-Marquardt algorithm [15] . Then the locations of control points are refined by reprojection with the initial parameters until convergence. We detect the fitting line of the plumb line in the correction image, by which the skew factors are estimated. The world coordinates of control points are corrected with the skew factors and then applied to estimate the final camera parameters. In many experiments based on real images, the error of pixel reprojection of our method reduced about 43% compared with Zhang's method, about 52% rival to Heikkila's method and about 44% compared with Sun's method. In the 3D reconstruction application, the details of object can be recovered surpassingly from the camera parameters using our method.
The remaining part of this paper is organized as follows: In the next section, the details of the proposed approach are introduced. The processes of camera parameters estimation are expressed in section 3. Section 4 shows the complete procedures of our method. Some experiments are conducted and the results are shown in Section 5. Finally, the conclusions are drawn in the last section.
System Setup and Image Acquisition
The instruments of the proposed method including computer, camera, planar object, platform, plumb line, linear guider and the controller of the guider. As shown in figure 1(a) , the guider is assembled on the platform. The planar object stands on the guider, which can be shifted using the controller. The camera is fixed on the platform with a metallic support and facing to the planar object. The camera and the guider are connected to the computer which is the control and computation centre. The Z-axis of the designated world coordinate is paralleled to the principle optical axis. The rotating table is used for the image collection of 3D reconstruction. The shaft of the rotating table is the Y-axis which can be measured with a plumb line, which is also the central shaft of 3D reconstruction.
As shown figure 1(b), a plumb line is swung from the centre of the rotating table. We move the mono-plane object until the planar object intersects with the plum line exactly. The intersection O is the origin of the designated world coordinate. At this time we take an image of a plumb line against the background of planar object as the correction image. We then put the plumb line away and take an image of the planar object as the first calibration image. Move the planar object and take some other images in different locations. At least two different images of the target are required for calibration. 
ideal conditions
An automatic and accurate camera calibration using translational planar object Shengyong Xu, Dehua Li, Li Zhu
Camera Parameters Estimation

Acquirement of the Information of Control Points
The image coordinates of control points are obtained using an improved method based on [16] , which use the circle center as a control point and localize it in the input images by using the center of the ellipse fitted to the circle edge. Control points are detected and then employed to estimate initial parameters (see section 3.2). As figure 2(a) shows, i P is a control point, '
i P is accordingly the reprojection calculated with the initial parameters, ( The regulations of refinement are expressed with the formula (1) .The refinement process is repeated until convergence. Finally we get sub-pixel location of control point.
(
coordinates of control point, a B is the adjusted value and it can be pressed formula (2).
In equation (2), t B is the RMS (Root Mean Square) location error in pixel between the original image coordinates and the calculated value. 1  , 2  are the regulation factors (generally
). The world coordinates of control points are assigned by its' spatial distribution in the designated world coordinate. As shown in figure 2(b), a new coordinate system is established to describe the control points on the planar object, in which the origin is one of control points P O . The separation distance P D between two arbitrary adjacent control points are consistent equal. The pixel pitch S can be work out with equation (3) . *
In equation (3), m is the number of control points, ( , ) u v is the image coordinates of the control point. The location of P O in the world coordinate is confirmed with equation (4).
)
In equation (4) 
Parameters estimation
The initial calibration parameters are estimated in a closed-form solution [9] and then optimized by L-M [15] . The minimize formula as shown in equation (5).
In equation (5), n is the number of control points. (6) shown as follows.
x* m11+ y* m12 + z* m13+ m14 u = + du x* m31+ y* m32 + z* m33+ m34 x* m21+ y* m22 + z* m23+ m24 v = + dv x* m31+ y* m32 + z* m33+ m34
In equation (6), ( , , ) x y z is the world coordinates of the control point, ( , ) u v is the image coordinates accordingly, (~) 11
34
M m m
are implicit camera parameters without physical meaning and 34 m may be an arbitrary constant. , du dv are lens distortion [14] . The inaccuracy of assembly cause the planar object skewed and deviated from the ideal position. As figure 3(a) shows, the plane 2  (the actual position) isn't coincide with the plane 1  (the ideal position). In this case the rule of spatial distribution of control points is invalid. 1  is the rotation of 2  with O as the centre. The relationship between the ideal world coordinates and the actual value of control points are expressed as equation (7). 
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There are 27 unknown variables in equation (8), which is difficult to solve with nonlinear optimization. We can estimate approximate value of s M firstly and then refine it by iteration. In figure 3(b) , p L is the fitting line of the plumb line, which gradient is k . c L is one of the fitting lines of control points in the horizontal direction. i P is the number i intersection of those two kind of fitting line, which is marked as (0, , 0)
i i P y . The distance of two adjacent intersections is equal to the separation distance of control points. In equation (4) kc is counted in equation (9).
In equation (9), ( , ) o o u v is the image coordinates of the origin. q is the number of the intersection. We can optimize the skew factors by the minimize formula as equation (10).
The complete procedure of calibration
The calibration procedure includes two steps: the image acquisition and the calibration parameters estimation. For the image acquisition, the instruments need to be installed and then one correction image and 2~3 calibration images are taken. The calibration parameters estimation contains four stages: firstly the information of control points are obtained, secondly the sub-pixel control points are located, and then the skew factors are estimated and the skew bias of world coordinates of control point is corrected, finally the camera parameters are optimized .
Experiments on real images
We take the images from the same camera. The calibration template is printing with circle pattern. We collected six images of the translational planar object for evaluating the approach of both the proposed and Sun. Six images of planar object on different pose are taken to evaluate the method of Zhang. Specially, the parameters took by Zhang's method is inconsistency of those obtained by Sun and the proposed. Table 1 is comparing of the estimated camera parameters using Zhang's method to Heikkila's, Sun's method and the proposed method. The "Parameters" column presents the camera parameters, for instance, , Fx Fy are the focal length, ( 0, 0) U V are the principal points, and 1~4 k k are the lens distortion parameters. The column denoted by "Zhang's" presents the calibration parameters as obtained by [14] using the circle pattern. And the results using Heikkila's, Sun's and the proposed approach are severally shown in the "Heikkila's" column, the "Sun's" column and the "Our method" column. The RMS error of Zhang's method is 0.1815 pixels, and that of Heikkila increase 18% viral Zhang's. The parameters obtained by Sun's method are almost equal to that of Zhang's. We next apply our approach to calibrate camera and we can see a dramatic improvement in the accuracy as noted in the "Our method" column. Comparing with Sun's method, the RMS error of our method is down from 0.1838 pixels to 0.1028 pixels, a reduction of 44%. In summary, the proposed approach improves the accuracy of camera calibration. Figure 5 (a) illustrates the scatter plots for the RMS error between the detected control points and the re-projected control points using the calibration parameters estimated by our method. We can observe that the proposed approach leads to the accurate and stable recovery of calibration parameters. Figure  5 (b) illustrates that the RMS error remains stable as the number of images are increased using the translational planar object with only two images. Accordingly, with at least four images the calibration is stable using Zhang's method, which is because that multiple images in different poses are essential for Zhang's method to compute camera intrinsic and external parameters repeatedly. As shown in figure 5(c) , in the case of additive Gaussian noise corrupted ground-truth control point locations being used as the localized control points, we can see that our approach consistently performs well.
An automatic and accurate camera calibration using translational planar object Shengyong Xu, Dehua Li, Li Zhu Table 2 shows the time consumption comparison of the proposed approach of camera calibration against the approach presented respectively by Zhang [14] , Heikkila [4] and Sun [8] . Contrasting with other methods, the proposed approach achieves the lowest RMS error at a moderate time consumption. 
Application: Visual Hull Reconstruction
Visual hull reconstruction refers to the task of constructing the 3D convex hull from multiple silhouette images. Since the process relies on the intersection of the silhouettes, it therefore requires accurate camera calibration. In this experiment, we used the real images of a branch. The branch is fixed on the rotary table and the camera is facing the rotary table immovably. Every time the branch rotates 2 degrees we take an image until we obtain 180 images. Then we use the visual shell reconstruction algorithm of Xia [1] to reconstruct visual hull for the branch. Fig. 6 shows the result of visual hull reconstruction for the branch using different camera parameters respectively. From the figure 6(a) we can observe the details of object are lost badly after the calibration is done using Heikkila's method. An incomplete silhouette is obtained by this method. The result of Sun's is similar to that of Zhang's, which is better than Heikkila's method but is not good enough. We can observe the thin part of the branch is broken in figure 6 (c) . The proposed approach, on the other hand, is able to recover the fine object structures due to accurate calibration as shown in figure 6 (d).
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Conclusion
We propose an automatic and accuracy camera calibration method using a translational planar object. The calibration system is realized with VC++. Using this system the images are collected and the camera parameters are estimated with only a few manual operations. For calibration parameters optimization, a camera model considering both lens distortion and the skew bias is established. We develop a method of iterative refinement, by which the sub-pixel location of control point is realized. The error of world coordinates of control points caused by the skew of calibration target is corrected with the information of the correction image of a plumb line against the background of planar object. We optimize the final parameters using the coordinate's information without skew-bias. Without expensive 3D calibration object and complicated setup, we can achieve the accuracy camera calibration. The camera parameters obtained by the proposed method can be applied in 3D reconstructions directly and effectively. 
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